Metamorphosis in the flounder has often been compared with the transition of tadpoles into frogs. The dorsal fin rays of the Japanese flounder (Paralichthys olivaceus) elongate during prometamorphosis when thyroid hormone levels are low, and are resorbed during metamorphic climax when thyroid hormone levels are high. Using an in vitro system for the culture of the flounder fin rays, we have examined how various hormones affect the resorption process. Both thyroxine (T 4 ) and triiodothyronine (T3) directly stimulated fin ray shortening, T 3 being more potent than T4. Other hormones, such as prolactin, cortisol and sex steroids, did not directly affect the resorption process but modified the tissue's response to thyroid hormones. Similar observations were obtained from in vivo studies. We also monitored the changes in the whole body concentrations of various hormones during early development and metamorphosis, and related these with the thyroid hormone profiles in order to get a better picture of their interactions. The gaps in the present status of research on the role of thyroid hormones during metamorphosis in the Japanese flounder are also discussed.
Introduction
In lower vertebrates, many aspects of thyroid hormone function during early development remain to be resolved, and research has been particularly intense in such areas as salmonid smoltification, amphibian metamorphosis and hatching through posthatching development in birds (see Eales et al. 1988) . Studies on the role of thyroid hormones during early development in fish include reports on tilapia (Lam 1980; Nacario 1983) , milkfish , carp (Lam and Sharma 1985) , flounder (Inui and Miwa 1985) and recently, on conger eel (Yamano et al. 1991) . Thyroid hormones seem to be inhibitory of lamprey metamorphosis (see Youson 1988) . In light of its importance in amphibian metamorphosis, the only hormones to be examined during fish metamorphosis have been thyroxine (T 4 ) and triiodothyronine (T 3 ) (Youson 1988) . However, it is now becoming increasingly clear that hormones seldom act alone but usually in concert with other hormones. We therefore deemed it necessary to study not only how thyroid hormones regulate metamorphosis in the Japanese flounder but also how thyroid hormone effects are modifed by other endocrine products.
Thyroid hormones and the pituitary-thyroid axis
We have demonstrated the involvement of the pituitary-thyroid axis in controlling flounder metamorphosis. Exogenous treatment with both T 4 and T 3 induced premature metamorphosis of flounder larvae, while treatment with the goitrogen thiourea, resulted in metamorphic arrest (Inui and Miwa 1985; Miwa and Inui 1987a) . The activation of both pituitary TSH cells and thyroid gland (Miwa and Inui 1987b ) and the observed surge in tissue concentrations of T 4 (Miwa et al. 1988) , and the slight but significant increase in tissue T 3 (Tagawa et al. 1990 ) lend further support to the involvement of the pituitary-thyroid axis during flounder metamorphosis. Miwa and Inui (1987a) have shown that T 3 is several times more effective than T 4 in inducing metamorphosis in the flounder, hence a small increase in tissue T 3 levels may be sufficient to stimulate the transformation. It may also imply increased utilization of T 3 during this period. Inui et al. (1989) later confirmed that bovine TSH (5 mIU/g) injected into flounder larvae increased tissue concentrations of T 4 , but not T 3 , and accelerated the metamorphic process. These results suggest that increased secretion of TSH from the pituitary from the end of prometamorphosis towards climax, stimulates the secretion of thyroid hormones from the thyroid, which in turn induces metamorphosis in the flounder. The thyroid glands of the Hawaiian parrotfish (Grau et al. 1986 ) and the medaka (Okimoto et al. 1991) treated with bovine TSH in vitro did not release significant amounts of T 3 into the culture medium, whereasT 4 was promptly released in a dose related manner. These observations imply that in teleosts, as in higher vertebrates, the thyroid releases mainly T 4 , and whatever T 3 that is detected in the plasma or in the tissues, is derived principally from peripheral monodeiodination.
The effects of hypothalamic factors on the pituitary (TSH)-thyroid axis have received far less attention. In prometamorphic flounder larvae, brain extracts caused a slight increase in the levels of T 4 at 10 and 20 h after injection (S. Miwa, personal communication) . On the other hand, arginine vasotocin injections (0.5 and 5 ug/g) but not isotocin, TRH, CRF, LHRH or somatostatin, caused transient increases in T 4 levels (K. Yamano, personal communication) . There is ample evidence from hypothalamic lesioning, in vitro pituitary culture and pituitary transplantation studies that unlike in mammals, TSH cells in teleosts are under inhibitory hypothalamic control (see Leatherland 1988) .
Regulation of fin ray shortening in vitro
Much of the information on the hormonal interactions during amphibian metamorphosis have been gained from in vitro studies using isolated tail fin discs. The elongation and shortening of the dorsal fin rays of flounder may be comparable to the appearance and resorption of the tadpole tail when the tadpole transforms into a froglet. We established a system for the culture of isolated dorsal fin rays in serum free medium and examined the effects of various hormones on the process of fin ray shortening. We have run parallel experiments in vivo to support our in vitro results.
Cortisol synergizes with thyroid hormones
Both T 4 and T 3 directly stimulated the shortening of the cultured flounder fin rays isolated from prometamorphic larvae . As in the in vivo experiments, T 3 was more potent than T 4 . Similar results were reported for the cultured tadpole tail fins (Derby 1968; Robinson et al. 1977) indicating that the fin rays were responding in a similar manner as the tail fins. When cortisol (100 ng/ml) was added into the medium, there was no effect on the rate of fin ray shortening. However, when it was added together with either T 4 or T3, the rate of shortening was accelerated compared to the groups treated with either of the thyroid hormones alone ). When prometamorphic larvae were immersed in T 4 and cortisol solution (100 ng/ml), fin ray shortening was hastened relative to the control but not relative to the T 4 treatment alone. We speculate that this may be due to sufficient cortisol in circulation secreted by the larval interrenal. An early report by Sterba (1955) showed that injections of corticotrophin (ACTH) induced partial metamorphosis in ammocoetes, while Sieler et al. (1981) reported increased hydroxysteroid dehydrogenase activity in the presumptive adrenocortical (interrenal) tissue during metamorphosis in the lamprey. However, the lamprey is different from the flounder in that its metamorphosis is inhibited by thyroid hormones (see Youson 1988) . Enhancement by corticosteroids of thyroid hormone-induced tail fin shrinkage has also been reported in amphibians (Kikuyama et al. 1983) . They have gone a step further in establishing that this was brought about by the enhancement by corticosteroids of the binding of T 3 to nuclear receptors. Elucidation of the mode of action of cortisol in flounder still has to be realized.
Sex steroids inhibit T 3 -induced fin ray shortening
Our results with organ-cultured fin rays show that both estradiol and testosterone (100 ng/ml) attentuate the response of the fin rays to T 3 (de Jesus et al. 1992) . These results are not consistent with reports in amphibians wherein sex steroids have no effect on the shrinkage of the tail discs, or on the binding of T 3 to receptors, in vitro (Kikuyama et al. 1983; Gray and Janssens 1990) . When prometamorphic flounder larvae were immersed in solutions containing the steroids (100 ng/ml), both estradiol and testosterone delayed fin ray shortening, as well as eye migration and the development of benthic preference (de Jesus et al. 1992) . In Xenopus laevis, both estradiol and testosterone, at doses comparable to the ones that we used in our study, delay spontaneous metamorphosis (Gray and Janssens 1990) . Sex steroids also inhibit smoltification in salmonids (Aida et al. 1984; Ikuta et al. 1985 Ikuta et al. , 1987 Miwa and Inui 1986) .
Prolactin antagonizes thyroid hormone action
Prolactin (PRL) is widely known for its antimetamorphic and antagonistic action with thyroid hormones during amphibian metamorphosis (see Dent 1988) . Our results with organ-cultured flounder fin rays show that ovine prolactin (100 ng/ml) blocks the stimulatory effects of T 3 on fin ray shortening while ovine growth hormone (GH, 100 ng/ml) was without effect (de Jesus et al. unpublished results). These results are again consistent with observations from amphibian studies. The effects of PRL are thought to be brought about by the depression of activity of certain catalytic enzymes which are activated by thyroid hormones during the process of resorption (see Dent 1988) . The small amount of samples that we are working with precludes biochemical analysis and measurements of enzyme activities in the cultured fin rays. Microinjections of ovine PRL into prometamorphic flounder larvae also delayed fin ray shortening but had little effect on the rate of eye migration while ovine GH was without effect on any of these parameters (de Jesus et al., unpublished results) . Studies on the role of PRL and GH in early fish development are mainly focused on salmonid smoltification, greater emphasis being given to their osmoregulatory roles (see Hirano 1986 ). Hormone profiles during flounder met (Fig. 1) Tissue levels of T 4 are low during prem sis while tissue T3 is undetectable. During morphosis, T 4 levels increase dram, reach a peak around the time of metai max. There is also a slight but significa levels during this period. Both T 4 ar decline in the juveniles (Miwa et al. 198 et al. 1990) . We have established a sys extraction of steroid hormones from homogenates for measurement by radi( says. The changes in tissue cortisol coi closely parallel those of thyroid horm¢ that cortisol peaks a few days earlier . Plasma concentral ticosteroids also increases during metamorphosis (Krug et al. 1983; Kiki 1986 ). In the flounder larvae, on the oth sue levels of estradiol and testosterone inhibitory to metamorphosis, remained not show marked change during metam Jesus et al. 1992) . Increases in cortiso tion in the circulation are reported duri smoltification but these are considered mostly to the development of hypoosn ability or seawater adaptability (see Sp In the conger eel, cortisol levels are h metamorphosis and decrease thereafter (Yamano et al. 1991) . No experiment has been done on the combined treatment with thyroid hormones and cortisol aIng coge eeimetm Ipnoduring conger eel metamorpnosls.
Post-Climax
Flounder GH and PRL have been purified and their cDNAs are now available (S. Sakata, personal communication). With the use of cDNAs for both PRL and GH of flounder, we monitored the tamorphosis changes in the expression of PRL and GH genes by in situ hybridization. Both PRL and GH expression increased gradually but steadily during metamoretamorphophosis and showed a dramatic rise in post-climax ng prometafish (de Jesus et al., unpublished results). Clemons itically and and Nicoll (1977) reported that PRL levels in bullmorphic clifrog tadpoles were low until climax and increased ,nt rise in T 3 thereafter. These reports were later confirmed by id T 3 levels Yamamoto and Kikuyama (1982) and Yamamoto 37b; Tagawa et al. (1986) . Plasma levels of GH in bullfrog in-;tem for the creased progressively through metamorphosis and whole body reached peak levels in the juveniles (Kobayashi and oimmunoasKikuyama 1991 So far, we know only which hormone promotes or e, which are inhibits either spontaneous or thyroid hormonelow and did induced metamorphosis. We do not know how orphosis (de these interactions take place. Using an amphibian 1 concentramodel, Galton (1988a) came up with possible levels ng salmonid of control of thyroid hormone function at the level to be related of the target tissues, namely: peripheral monodeioioregulatory dination and thyroid hormone receptor binding. ecker 1982).
The same control mechanisms could apply in fishes ligh prior to (Fig. 2) .
7-. . MN : J4 Monodeiodinases
It seems that the teleostean thyroid secretes mainly T 4 and that the T 3 in the circulation is mainly derived from peripheral metabolism of thyroid hormones. A recent paper by Reddy et al. (1992) reports the presence of 5' monodeiodinase in tilapia larvae and an increase in its activity as development progresses. There is no other study on the relative changes of the monodeiodinases during fish metamorphosis. In amphibians, there is a shift in the predominance of the 5 monodeiodinase to the 5'monodeiodinase around the time of metamorphic climax; the activity of 5'monodeiodinase increases in tissues that undergo drastic transformation during the metamorphosis (Galton 1988b ). There are many reports on the effects of various hormones on perhiperal monodeiodination of T 4 . However, these mainly deal with the 5'monodeiodinase activity in juvenile or adult fish, since 5 monodeiodinase activity is not normally detected. In a recent report by Galton (1990) , corticosterone increased 5'monodeiodinase and at the same time depressed 5-monodeiodinase activity in metamorphosing bullfrog. It would be interesting to see if the same phenomenon exists during flounder metamorphosis.
Thyroid hormone receptors and binding proteins
In mammals, there is general agreement that thyroid hormones first bind to nuclear receptors. This is followed by an increase in transcriptional activity, formation of new mRNAs and synthesis of specific proteins that are ultimately responsible for the expression of thyroid hormone action at the cellular level (Oppenheimer 1983) . In metamorphosing amphibian tadpoles, thyroid hormone receptors are present initially in low quantities in tissues that undergo drastic changes during the transformation, and their levels increase dramatically when thyroid hormone levels begin to increase (Kawahara et al. 1991; Galton 1988a) . Ovine PRL inhibited the autoinduction of thyroid hormone receptor ac and 3 mRNAs by T3 in Xenopus (Baker and Tata 1992) .
In conclusion, from what is known so far, similar hormonal cues seem to control metamorphosis in the flounder as in amphibians. It becomes increasingly important to study the mechanisms of these interactions.
